BACKGROUND AND PURPOSE
Drug-induced long QT syndrome occurs with a wide range of medications, including methadone. 1, 2 Prolongation of the QT interval serves as a surrogate marker for the risk of developing Torsades de Pointes (TdP), a relatively rare and potentially lethal ventricular arrhythmia. The association between methadone, prolonged QT interval, and TdP came into sharp focus in 2006, when the U.S. Food and Drug Administration (FDA) issued a physician safety alert regarding fatalities and cardiac arrhythmias associated with methadone (Appendix B). 3 This was followed by a warning in the manufacturer's product labeling. 4 Warnings about the association between methadone and cardiac arrhyth-mias also are catalogued in Thompson Reuters' MICROMEDEX 5 and a web site that dynamically archives QT-prolonging drugs. 6 Methadone has a long history as an effective treatment for opioid addiction and thus is in wide use in opioid treatment programs in the United States. Therefore, it is of concern that several recent reports suggest that methadone prolongs the QT interval when used at doses higher than 60 to 120 mg/day, which often are required in such treatment. [6] [7] [8] [9] Also of concern is evidence of a significant knowledge gap among opioid treatment program medical staff regarding the risk of QT prolongation and TdP associated with methadone. 10 The prevalence of QT interval prolongation or TdP in patients who are treated with Downloaded by [Mark Haigney] at 07: 33 26 January 2012 methadone has not been firmly established, 11 although marked prolongation of the corrected QT (QTc) interval appears to occur in only 2% of opioid treatment program patients. 12 To address the topic, the Substance Abuse and Mental Health Services Administration (SAMHSA) convened a multi-disciplinary Expert Panel on the Cardiac Effects of Methadone and charged it with evaluating the available evidence and formulating recommendations to enhance the cardiac safety of patients in opioid treatment programs. The Panel also reviewed the context for the situation. This included a discussion of methadone's unequivocal effectiveness in treating opioid addiction, current regulatory actions and recommendations from private sector organizations, guidance documents from other countries, and opioid treatment program providers' awareness of QT and TdP.
Panel members are cardiologists with backgrounds in addiction medicine, electrophysiologists, addiction treatment specialists, medical educators and researchers, and experts in drug development. Ex officio members include representatives of scientific and regulatory authorities (including the National Institute on Drug Abuse and the Food and Drug Administration [FDA] ) and stakeholder organizations that share a commitment to assuring the safety of patients in opioid addiction treatment.
The principles that guided the Panel's approach included a recognition that methadone has been associated with a reduction in overall mortality, 1,2 has few therapeutic alternatives, and is cost-effective. Therefore, the Panel operated on the premise that methadone must remain widely available in the United States for the treatment of opioid addiction.
The purpose of the Panel's work, as reflected in this report, is solely to provide a workable template for opioid treatment program administrators and clinical staff who are attempting to develop and implement cardiac safety standards for methadone induction and maintenance treatment in federally certified opioid treatment programs.
SAMHSA encourages providers to consider the Panel's report and to take action to the extent that they are clinically, administratively, and financially able to do so. However, nothing in the report is intended to create a legal standard of care for any opioid treatment program, or an accreditation requirement, or to interfere with the judgment of individual clinicians who are responsible for delivering patient care. 
METHODS

Literature Search
As part of the Panel's review, a comprehensive literature search was performed via MED-LINE and EMBASE (covering articles published between 1966 and July 2008) for publications addressing the cardiac effects of methadone. English-language manuscripts were reviewed, as were official opioid treatment guidelines published in Canada and the United Kingdom, background articles on QT prolongation and TdP provided by Panel members, and the findings of relevant meetings.
Members of the Panel also reviewed information from regulatory authorities, considered the challenges involved in applying cardiac safety recommendations within opioid treatment programs, examined data regarding physician awareness of the cardiac effects of methadone, and evaluated contextual materials regarding the cardiac effects of the methadone derivative levoalpha-acetyl-methadyl (LAAM), which is no longer marketed. 13 The objectives of this process were to broadly synthesize available evidence regarding the cardiac effects of methadone and then to distill that information into a practical framework for improving cardiac safety in opioid treatment programs.
Field Review
In 2009, SAMHSA distributed more than 470 copies of the draft document to stakeholder organizations and to individual experts for field Downloaded by [Mark Haigney] at 07: 33 26 January 2012 review. Copies were also distributed to participants in workshops at the 2009 AATOD and ASAM annual meetings. The field review draft was marked "Not for Reproduction or Distribution." Responses were requested by May 31, 2009. A total of 51 responses were received (an 11% response rate). All of the comments and suggested changes were compiled and circulated to the Panel for consideration at a meeting in July 2009.
As part of the review process, the draft document was submitted to a law firm specializing in professional liability matters, with a request for a determination as to whether the language of the document would tend to increase the exposure of opioid treatment programs and individual clinicians to legal action and, if so, for suggested language modifications that would minimize such exposure. The law firm complied with these requests, and their suggested language has been incorporated herein. 14 Finally, the draft and the supporting literature were sent to a health care statistician, who was asked to determine whether the articles on which the Panel based its findings and conclusions met standard tests for statistical significance. The results of that examination also are reflected in this draft. 15 This version of the report incorporates comments received through the field review, as well as from literature published subsequent to preparation of the earlier drafts, and revisions agreed on at the Panel's June 2009 meeting. It supersedes any previous drafts.
BACKGROUND Methadone Pharmacology
Methadone is a potent full mu and delta opioid agonist with good oral bioavailability and a long duration of action. Its actions may mimic those of the endogenous opioids, enkephalins, and endorphins and affect the release of other neurotransmitters, such as acetylcholine, norepinephrine, substance P, and dopamine. 16 This accounts for its analgesic and antitussive properties, respiratory depression, sedation, decrease in bowel motility, increase in biliary tone, hor-mone regulation, and increase of prolactin and growth hormone release, miotic pupils, nausea, and hypotension. 17 Methadone is also a noncompetitive antagonist at the N-methyl-D-aspartate (NMDA) receptor. There is a great deal of interest in this receptor because it may be linked to pain processing and spinal neural plasticity, although its exact role and how it can be manipulated awaits further clarification. 18 On the other hand, methadone's high inter-individual variability and potential adverse effects-particularly respiratory depression and death-make a fundamental knowledge of its pharmacokinetics and pharmacodynamics imperative to the safe use of this important medication. 19 Pharmacokinetic studies have shown that oral methadone has a delayed onset of action. Following oral administration, time to achieve peak plasma drug concentration is 2.5 hours for methadone in solution and 3 hours for methadone in tablet form. Oral bioavailability is approximately 85% (range: 67% to 95%), or three times that of morphine. Although there are no data on tissue distribution for methadone in humans, the distribution to various tissues has been shown to be extensive in animal models. This is consistent with the high volume of distribution in humans (4.2 to 9.2 L/kg in opioids addicts and 1.7 to 5.3 L/kg in chronic pain patients. [20] [21] [22] [23] [24] [25] Methadone is biotransformed in the liver by the cytochrome P450-related enzymes (primarily by the 3A4 and-to a lesser extent-the 2D6 and 1A2 systems) to two N-demethylated biologically inactive metabolites, which undergo additional oxidative metabolism. 26 At physiological pH, 86% of methadone is bound to plasma proteins, predominately to α1-acid glycoprotein (AAG). AAG is an acute-phase reactive protein and the plasma level fluctuates with various physiologic and pathologic conditions, such as stress, opioid addiction, cancer, and concomitant administration of certain medications.
The clinical implication of increased levels of AAG is that such an individual may be protected from the toxic effects of a dose of methadone, as compared with a healthy, casual user of methadone who would not have elevated Downloaded by [Mark Haigney] at 07:33 26 January 2012 levels of AAG. Unlike morphine, methadone is biotransformed rather than conjugated in the liver. At daily doses less than 55 mg, the majority of the metabolites are cleared via the fecal route. Methadone is metabolized by the type I cytochrome P450 group of enzymes. The main enzyme responsible for N-demethylation of methadone is CYP3A4, with lesser involvement from CYP1A2, CYP2B6, and CYP2D6. 18 Current evidence suggests that CYP2B6 may play a significant role in metabolism as well. The main product of N-demethylation, 2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine (EDDP), is inactive. The activities of these cytochrome enzymes, especially CYP3A4, can be induced or inhibited by other drugs or by the methadone itself, accounting for the large individual variations in methadone pharmacology (Appendix D). Although the primary metabolite of methadone is inactive, methadol and normethadol are two minor metabolites produced in small amounts that have similar pharmacologic activity to methadone. 25 Renal excretion is variable and is pH dependent. At a urine pH above 6, renal clearance is only 4% of the total drug elimination. When urine pH drops below 6, the unchanged methadone excreted by the renal route is approximately 30% of the total administered dose. Despite this, methadone does not accumulate in patients with renal failure and is poorly removed by hemodialysis. The renal excretion of the primary metabolite, EDDP, is not pH-dependent.
Methadone undergoes a biphasic pattern of elimination: slow distribution or α-elimination phase (in 8 to 12 hours) and a ß-elimination phase (in 30 to 60 hours). The α-elimination correlates with the duration of analgesia that is typically 6 to 8 hours. The plasma level in the ß-elimination phase is sub-analgesic but is sufficient to prevent withdrawal symptoms. 24 
QT Interval and Torsades de Pointes
The QT interval is a measure of the time between the start of the Q wave and the end of the T wave in the heart's electrical cycle. The QT interval is dependent on the heart rate in an obvious way (the faster the heart rate, the shorter the QT interval) and must be adjusted to aid in-terpretation. Normal values for the QT interval are between 0.30 and 0.44 (0.45 for women) seconds. Prolonged QT interval has been defined as >450 ms for men and >460 to 470 ms for women. 27, 28 QT interval can be measured by different methods, such as the threshold method, in which the end of the T wave is determined by the point at which the component of the T wave merges with the isoelectric baseline or the tangent method in which the end of the T wave is determined by the intersection of a line extrapolated from the isoelectric baseline and the tangent line which touches the terminal part of the T wave at the point of maximum downslope. 29 Generally, the QT interval is corrected for its natural dependence on the heart rate using Bazett's formula: 30 QTc = QT interval (in milliseconds) divided by the square root of the preceding RR interval (in seconds). Although this formula is likely to overcorrect in the setting of high heart rates, 31 it is nevertheless a reasonable method for screening purposes, with the proviso that patients remain supine for approximately 5 minutes prior to electrocardiogram (ECG) acquisition.
Prolongation of the QT interval occurs when there is an interruption in the normal balance and flow of ions in the myocardium, increasing the time it takes for repolarization to occur. 32 A QT interval of 390 to 420 ms in men or 400 to 440 ms in women is considered normal ( Figure 1 ). 33 Causation of the prolonged QT interval involves the human ether-a-go-go-related gene (hERG) and the subunit of the voltage-gated potassium channels (found predominantly in the myocardium) for which it encodes. 34 These channels are the predominant facilitators of the delayed-rectifier potassium ion currents, which cause repolarization. Abnormalities in these channels have been shown to lead to prolonged action potentials that are expressed as long QT intervals on the electrocardiogram. 35 The health risks associated with a prolonged QT interval are not clear. Although individuals with a prolonged QT interval often are asymptomatic, some may develop palpitations, syncope, seizures, or cardiac arrest. 36 QT interval prolongation can also lead to the potentially fatal reentrant arrhythmia known as the TdP. 33 Downloaded by [Mark Haigney] at 07:33 26 January 2012 Torsades de Pointes is a French term that literally means "twisting of the points." TdP is a potentially lethal form of ventricular arrhythmia named for its hallmark feature: polymorphic QRS complexes that appear to twist around the isoelectric line.
However, the mere presence of QT interval prolongation may not lead to TdP. 37 Some medications, such as amiodarone, are commonly associated with a prolonged QT interval but rarely with TdP. 38 Conversely, TdP can occur in individuals whose QT interval is within the normal range. 34 Torsades usually occurs in bursts that are not sustained; thus, the rhythm strip usually shows the patient's baseline QT prolongation. Although frequently self-terminating, TdP may degenerate into ventricular fibrillation and can lead to sudden death.
QT prolongation is the mandatory substrate for development of TdP and is the most commonly scrutinized pharmacologic adverse effect evaluated during the safety phase of drug development and post-marketing surveillance ( Figure 2 ). 31,39 Drug-induced QT prolongation or TdP often result from a confluence of factors. Roden 40 compiled a list of factors that may increase the likelihood of a patient developing QT interval prolongation and subsequent progression to TdP, such as female gender, hypokalemia, a history of drug interactions, underlying cardiac conditions, unrecognized congenital long QT syndrome, and predisposing DNA polymorphisms. Although these risk factors have not been studied in patients receiving methadone, they should be taken into consideration when treating this specific population.
Preexisting QT prolongation appears to be a particularly important risk factor for druginduced arrhythmia. In a meta-analysis of 1,288 participants from 181 clinical trials of the antiarrhythmic drug sotalol, in which the incidence of TdP was 2%, an increased QT at baseline (mean QT = 455 ± 11 ms in those who experienced TdP versus 428 ± 1 ms in those who did not, p < .003) was the most consistent predictor of TdP. 41 The DIAMOND-HF study-a multivariate analysis of those receiving the QT-prolonging drug dofetilide-produced similar findings, 42 with a baseline QT greater than the upper quartile value of 479 ms associated with a relative risk for death of 1.9 (95% CI = 1.0-3.6, p = .05).
Although many drugs prolong the QT interval, drug-induced TdP is associated with a much smaller number of medications and is accompanied often by an additional predisposing risk factor, 31 such as bradycardia. 43, 44 Women have a slightly longer QT interval than men and are at greater risk for arrhythmia due to QT-prolonging compounds. 45 Threshold values of 430 ms for men and 450 ms for women have been proposed as the upper limit of normal. 46 Despite these variable definitions, the international regulatory guidance for drug development suggests a gender-independent categorical threshold for QT prolongation of 450 ms. 47 The chiral nature of the methadone molecule also may be important in understanding QT interval prolongation associated with methadone. In addition to CYP3A4, methadone is metabolized by CYP2B6 and CYP2D6. [48] [49] [50] Stereoselectivity of CYP2B6 toward S-methadone has been demonstrated in vitro 51 and in vivo. 52, 53 It may be that slow metabolizers of CYP 2B6 who possess a * 6/ * 6 genotype have difficulty metabolizing S-methadone but not R-methadone. Eap et al. 53 demonstrated that S-methadone blocks the hERG channel more potently than R-methadone does and that slow metabolizers of CYP 2B6 with a * 6/ * 6 genotype were more likely to have a prolonged QT interval than did patients without the * 6/ * 6 genotype (extensive metabolizers). This is clinically significant because approximately 6% of Caucasians and African Americans possess the * 6/ * 6 genotype. 52, 53 Although there is disagreement over the exact degree of risk posed by drug-related QT prolongation, it is generally accepted that significant risk of TdP occurs at measurements greater than 500 ms. 54 The paucity of long-term studies of QT-prolonging drugs in large populations makes it difficult to assign a relative risk to a QT > 500 ms, but in patients with the long QT syndrome, a QT >500 ms was associated with an odds ratio for syncope or sudden death of 4.22 (95% CI = 1.12-15.80, p = .033), presumably due to TdP. 55
Rationale for Screening
The reason for the variability in QT intervals among patients treated with methadone is not completely clear, which complicates the process of screening for risk. Ehret et al. 56 posited that some other factors might have contributing roles, as they found that long QT intervals seemed to be associated with the use of CYP3A4 inhibitors, low potassium concentrations, and abnormal hepatic function. They concluded that the occurrence of ECG changes is more likely in patients receiving methadone, and other physiological factors are likely to contribute to the manifestation of abnormal cardiac function.
Other limitations of QT interval screening include selection of a methodology for rate correction at extremes of heart rate; choosing between fully manual, semi-automatic or automated QT measurements; and the limited predictive value of QT prolongation for arrhythmia risk at an individual level. Despite these limitations, QT interval screening is the current standard for assessing cardiac drug safety in the major domains of medicine: clinical trials, cardiology practice, drug development, and regulatory assessment for drug withdrawal or manufacturers' labeling changes. 57 This type of screening does not necessarily require a specialist and has been judged appropriate for primary care settings. 28
ADVICE FROM RELEVANT AGENCIES AND ORGANIZATIONS
There are no current, widely accepted recommendations from U.S. authorities for the prevention and treatment of methadone-induced QT interval prolongation. As noted earlier, the FDA issued a physician safety alert regarding fatalities and cardiac arrhythmias associated with methadone, 3 which was followed by a "black box warning" in the manufacturer's product labeling. 4 Although the revised product label suggests careful monitoring of patients with prolonged QT intervals, it does not specify what form of monitoring is appropriate.
Thompson Reuters' MICROMEDEX is somewhat more concrete in suggesting ECG monitoring of patients with known cardiac conduction abnormalities or those at increased risk for such abnormalities. 5 Relevant advice from the American Association for the Treatment of Opioid Dependence and from Canadian and British health authorities is summarized in Appendix B.
RESULTS OF THE LITERATURE REVIEW
The literature linking methadone to QT prolongation and TdP was organized into the following categories: experimental (in vitro) studies, clinical case series, forensic/toxicologic studies, cross-sectional investigations, and prospective cohort studies or randomized trials. In addition, the published studies were scrutinized for the relationship between methadone dose or serum concentration and cardiac repolarization. An abbreviated discussion of the prinicipal findings follows (also refer to Appendix D).
Experimental Studies
As noted earlier, the most common cause of drug-induced QT prolongation and TdP is blockade of the hERG, which encodes the rapid component of the delayed-rectifier potassium ion current (I kr ). 34 Blockade of this cardiac ion channel prolongs the terminal portion of the cardiac action, potentially causing delayed repolarization, which manifests as QT interval prolongation on the surface ECG.
Methadone has been shown to be a potent inhibitor of the hERG channel, capable of achieving 50% in vitro inhibition (IC 50% ) of I kr at concentrations between 1 and 20 µM, depending on experimental conditions-a level that can be attained in clinical practice (Katchman et al., 2002) . 58 The ratio of the IC 50% to maximal serum concentration (Cmax) is a better predictor of arrhythmia risk and is identical for methadone and LAAM, but an order of magnitude higher than for buprenorphine, another opioid approved for use in addiction treatment. 58 Major interindividual variability in serum levels for any given dose due to variable hepatic clearance makes a priori prediction of QT effect problematic. 48 Specifically, methadone is metabolized by the cytochrome P450 system, and inhibitors of this enzyme can significantly increase plasma area-under-curve measurements. In addition, unsuspected polymorphisms in the gene for the hERG channel occur in 2% of the healthy population and may be associated with increased sensitivity to hERG channel blockade by methadone or similar compounds. 59 Beyond its effect on cardiac repolarization via blockade of hERG channels, methadone possesses additional properties that may predispose patients to the development of TdP. For example, risk of TdP increases in the setting of bradycardia-an effect that has been confirmed clinically. 60 Methadone ap-pears to exhibit negative chronotropic effects through two key mechanisms: calcium channel antagonism 61, 62 and anti-cholinesterase properties. 63-65
Clinical Case Series
As early as 1973, a group of patients addicted to heroin were evaluated for predisposing risk factors for sudden cardiac death. 66, 67 The authors observed QT prolongation in several patients taking methadone who were also using illicit drugs. At the time, there was no clinical evidence that methadone possessed cardiac properties.
Only three decades later was the association between very high doses of methadone and TdP documented in a North American case series of 17 patients who experienced TdP. 66 The patients' mean (± SD) daily dose of methadone was 397 ± 283 mg, and their mean (± SD) QT interval was 615 ± 77 ms. None of the patients died, but an implantable pacemaker or defibrillator was placed in 14 patients. The researchers concluded that doses of methadone greater than 60 mg a day can lead to TdP. However, because of the small sample size, lack of a control group, and absence of testing for congenital long QT syndrome, they cautioned that their research did not establish a causal relationship between methadone use and TdP. (In a later publication, Krantz et al. 68 further analyzed the same data and determined that methadone use was the only variable predictive of QT interval increases and that the increases were dosedependent.) Since that time, a growing body of evidence has emerged to suggest a clinical association between methadone, QT prolongation, and TdP. [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] [87] For example, Justo et al. 88 performed a metaanalysis of 14 case reports (totaling 40 patients dependent on opioids) of methadoneassociated TdP to identify factors associated with methadone-related QT interval prolongation and TdP. Only patients being treated in methadone programs for opioid addiction were included. The mean (± SD) QT interval during or immediately after TdP was 598 ± 75 ms. The mean (± SD) daily methadone dose was 231 ± 201 mg (range: 60 to 1000 mg daily). The most common risk factor identified was a Downloaded by [Mark Haigney] at 07:33 26 January 2012 methadone dose greater than 60 mg a day (n = 39, 98%). Other common risk factors included the use of other medications known to increase serum methadone levels or trigger TdP (n = 22, 55%), HIV infection (n = 16, 40%), hypokalemia (n = 14, 35%), female sex (n = 13, 33%), cirrhosis or renal failure (n = 11, 28%), and heart disease (n = 9, 33%). The mean number of risk factors was 3.5 per patient, with all patients having at least one risk factor and 85% having two or more.
Through a search of the FDA's MedWatch system, Pearson and Woosley 89 identified 5,503 methadone-related adverse events reported to the FDA between 1969 and 2002. Of these, 59 were related to QT interval prolongation or TdP. Of the 59 cases, 28 resulted in hospitalization and 5 resulted in death. Interestingly, 56 of the cases were reported in the past 2 years of the review. The authors proposed several explanations for this, including the fact that the arrhythmias can be confirmed only through ECG monitoring, which was not routinely conducted in the earlier years of methadone treatment. They also found that the abnormal cardiac rhythm events reported occurred over a large range of doses. (It is important to note that only a fraction of drug-related serious adverse events are voluntarily reported to MedWatch, so the true number of arrhythmia episodes attributable to methadone is not known.)
Patel et al. 90 described 8 methadonemaintenance patients who presented with aborted sudden death or TdP and required placement of implantable cardioverter defibrillators. The patients were receiving high doses of methadone (mean: 204 ± 173 mg/day) and were followed longitudinally for a mean of 27 months. Six of the 8 patients continued methadone therapy: 1 died and 3 others received electroshock for recurrent TdP. This case series suggests that methadone-treated patients who experience TdP are at substantial risk for recurrent arrhythmia if methadone is continued, particularly at higher doses.
Toxicologic Studies
Chugh et al. 91 conducted a study of patients who had sudden cardiac death and were assessed by a medical examiner. Case participants in-cluded those with therapeutic blood methadone concentrations (<1 mg/L) on postmortem toxicological evaluation; controls included participants who did not take methadone. Cases in which higher methadone levels were present were presumed to be overdoses and were excluded, as were cases in which recreational drug use was determined to be the cause of death. A total of 22 patients with sudden cardiac death and therapeutic methadone levels were identified and compared with 106 patients in the control group. Based on autopsy findings, it was determined that a structural cardiac abnormality that could have caused sudden cardiac death (e.g., coronary artery disease, severe left ventricular hypertrophy, hypertrophic cardiomyopathy) was present in only 23% of the methadone patients, compared with 60% of patients in the control group (p = .002). Rates of use of other medications (such as benzodiazepines, antidepressants, anticonvulsants, antihistamines, and muscle relaxants) were similar in both groups. Although it was not possible to determine how many of the study participants had died from respiratory depression unrelated to a cardiac event, the authors concluded that the results of the study supported the presence of cardiac risk associated with methadone given at therapeutic levels.
It should be emphasized that this study is only inferential because central nervous system depression with resulting anoxia also can cause arrhythmias. However, the findings are consistent with methadone's potent proarrhythmic effects in vitro and the statistical reality that a small but significant proportion of arrhythmic events will be fatal. 92, 93 
Cross-Sectional Studies
Cross-sectional studies were available for four ambulatory and one inpatient cohort. Maremmani et al. 94 conducted a restrospective analysis of 83 patients being treated with methadone maintenance for their heroin addiction for at least 6 months. At the time of ECG recording, all patients had urine toxicology negative for opioids, cocaine, and amphetamines and none were taking other medications associated with QT interval prolongation. Eighty-three percent of the patients had QT interval prolongation greater than the reference value for individuals Downloaded by [Mark Haigney] at 07:33 26 January 2012 of the same sex and age, although only two patients had QT intervals exceeding 500 ms. No baseline ECGs or plasma methadone levels were obtained. The mean daily dose of methadone was 87 mg (range: 10 to 600 mg daily), but no correlation was found between the QT interval and the methadone dose.
Ehret et al. 56 examined ECG changes in a retrospective study of 527 former heroin users. Of these, 280 were excluded for not having adequate records available, for abusing methadone, or for having severe heart disease. The remaining 247 individuals were separated into two groups: methadone maintenance patients (n = 167) and patients not receiving any pharmacotherapy (n = 80). Twenty-seven patients in the methadone maintenance group had a QT interval of 500 ms or longer compared with no patients in the control group (p < .001). The relationship between dosage and QT interval was weakly associated, but a higher daily methadone dose was associated with significantly greater QT interval prolongation (p < .01). In this study, the lowest methadone dosage found to increase the QT interval above 500 mswas 30 mg per day. In the methadone maintenance group, 6 patients experienced TdP. These patients were taking 40 to 200 mg of methadone per day and had a QT interval of 430 to 750 ms. Of note, two of the patients who experienced TdP had QT intervals within the normal range.
The largest cross-sectional comparative study performed to date analyzed 393 methadonetreated patients and 43 buprenorphinemaintained patients in Copenhagen. 95 The authors observed QT prolongation (> 440 ms) in 32% of methadone-treated patients, but none in buprenorphine-maintained patients. Of the methadone-treated patients, all of whom were receiving doses > 100 mg/day, 8 had a QT greater than 500 ms. Similar findings were documented in a cohort of chronic pain patients (n = 104) receiving methadone, 33% of whom had QT prolongation, defined as > 430 in men and > 450 in women. 96 
Prospective and Randomized Trials
In the largest prospective cohort study to date, Martell et al. 97 evaluated 167 new en-trants into methadone maintenance treatment. ECGs were blinded to dose and time interval. Oral methadone induction resulted in a significant increase in the mean QT interval, averaging 12.4 ± 23 ms at 6 months, which persisted (10.7 ± 30 ms) at 12 months. A similar increase in QT interval dispersion (9.5 ± 18.6 ms, p < .0001), which is a marker for heterogeneous cardiac repolarization, was also observed from baseline to 6 months in the study cohort. 98 Wedam et al. 99 conducted a randomized controlled trial of 220 patients with opioid dependence to evaluate the changes in QT intervals of patients previously enrolled in a randomized, blinded study of methadone, levomethadyl, and buprenorphine. Patients' ECG data were analyzed, and QT threshold values of 470 and 490 ms were selected for men and women, respectively. Controlling for the use of other medications, hypokalemia, and renal insufficiency, the investigators found that 28% of patients in the levomethadyl group, 23% of patients in the methadone group, and no patients in the buprenorphine group exceeded this threshold during the 16-week study (p < .001). Twentyone percent of the levomethadyl-treated patients and 12% of the methadone-treated patients had a QT interval increase from baseline of > 60 ms at some point in the study. This difference was significant when compared with buprenorphine (p < .001). There was no significant difference observed in the QT interval of patients receiving methadone versus levomethadyl when using Bazett's formula. However, the researchers found a progressive prolongation in the QT interval of patients receiving methadone even when their dose remained stable (p = 0.01). This trend was not significant among patients treated with levomethadyl, nor was there a significant difference in interval prolongation between men and women.
Evidence of Dose-Dependent Effects
Several studies have attempted to quantify the magnitude of the relationship between methadone dose and delayed repolarization. was discontinued or the dose reduced. In a series of patients with TdP, oral methadone dose was modestly correlated with the absolute QT interval recorded at the time the patient presented with arrhythmia. 68 With intravenous methadone, a significant linear relationship between QT and methadone dose was noted. 100 The correlation became more robust in the subset of patients who also were using cocaine (r = +0.4, p = .03). This is consistent with a synergistic effect of combined methadone and cocaine on hERG channel blockade. 101 In the Copenhagen study, Fanoe et al. 95 reported the effects of methadone and buprenorphine on QT interval in 450 patients addicted to heroin. The authors obtained ECGs approximately 24 hours after the last dose of methadone and found a significant association between QT interval and methadone dose in both sexes. The association existed regardless of the correction formula used (p < .001). There was no association between QT interval and buprenorphine dose. Overall, 32% of patients treated with methadone had a QT interval greater than 440 ms. There was no significant association between QT interval and age or length of time in treatment. The investigators also asked the patients about histories of syncope over the prior year and found that patients receiving higher doses of methadone reported more episodes of syncope. Syncope also was found to be related to longer QT intervals. Limitations of the study included lack of baseline ECGs and the absence of information regarding other medications being used by the study participants.
Peles et al. 102 published the results of a study of 138 patients (71% male) on methadone maintenance for heroin dependence for a mean of 4.4 years (range: 0.3 to 10.7 years). ECGs were performed and serum methadone levels were measured for all patients approximately 24 hours after their last methadone dose. The mean ± SD methadone dose was 170.9 ± 50.3 mg daily (range: 40 to 290 mg daily), with 80.4% of patients receiving greater than 120 mg daily. The mean ± serum methadone concentration was 708.2 ± 363.1 Ngami (range: 110 to 2350 Ngami). The mean ± SD QT interval was 418.3 ± 32.8 ms (range: 330 to 520 ms).
During the month before the study, 29.7% of the patients had urine toxicology results positive for opiates and 22.5% had toxicology positive for cocaine. Neither the methadone dose nor the serum methadone concentration correlated with QT interval. Of the three patients who had QT intervals greater than 500 ms, two had died by the time of the 2-year follow-up, although neither death was attributed to cardiac causes. None of the 19 patients with QT intervals of 450 to 500 ms had any cardiac problems.
With regard to serum levels, Martell et al. 97 prospectively demonstrated that the QT change from baseline to 12 months after initiation of methadone was significantly correlated with both trough and peak serum methadone concentrations. Similar relationships have been observed with the methadone derivative, LAAM. 103 Taken in the aggregate, the available literature supports a dose-dependent effect of methadone and its derivative, LAAM, on cardiac repolarization. This creates a safety/efficacy paradox, given that higher doses of methadone may reduce illicit drug use, yet place patients at greater risk for TdP. 104
Summary
Based on evidence published in the peerreviewed literature, [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] the Panel concluded that the relationship between methadone and QT prolongation is causal. Moreover, available evidence suggests that both oral and intravenous methadone hydrochloride have an independent association with QT prolongation.
Prolongation of the QT to >500 ms is thought to confer significant risk with respect to arrhythmias. In all but one study of patients enrolled in methadone maintenance treatment, a QT >500 ms was seen in 2% of those enrolled. Wedam et al. 99 found a higher incidence, which they estimated at 10%. If one accepts the more conservative estimate of 2%, one would predict that an estimated 5,000 of the 250,000 participants currently enrolled in opioid treatment programs are in need of interventions for cardiac risk reduction. An additional 40,000 to 60,000 opioid treatment program patients likely have a QT between 450 and 500 ms and may have some lesser (but nevertheless elevated) risk. Undercurrent illnesses or use of additional QT prolonging agents may substantially prolong the QT in these participants and expose them to arrhythmia, so increased vigilance is warranted.
CONTEXT AND CONCLUSIONS
Through the steps described earlier, the Expert Panel arrived at a series of conclusions, which are summarized below. The following factors were considered by the Panel members in reaching their conclusions.
• Use of methadone for the treatment of opioid addiction in the United States is confined to Federally certified opioid treatment programs, most of which are freestanding outpatient clinics. The Expert Panel discussed specifics of opioid treatment program care that could present barriers to cardiac risk assessment or lead to unintentional consequences when such guidelines are applied. Panel members agreed that any steps recommended must preserve patients' access to care. • Most opioid treatment programs are not licensed, staffed, or funded to provide cardiac screening services. Therefore, most opioid treatment programs would have to change their intake and outreach procedures to include screening for cardiac risk, which may result in the need to arrange alternative treatments or delay initiation of care. The Expert Panel supports prompt access to treatment for the disease of addiction and recommends that every effort be made to treat patients appropriately and safely. • Compared with the range of medications available to treat chronic pain, opioid treatment program physicians' choice of therapeutic agent is limited by Federal regulations to oral methadone, naltrexone, or sublingual formulations of buprenorphine and buprenorphine/naloxone. • An optimal strategy for identifying and reducing QT-associated risk has not yet been established. Screening for risk is the current standard of care. In patients who have dose-related QT prolongation, it remains unknown how much additional risk of relapse is associated with reducing the methadone dose. However, higher methadone maintenance doses are associated with better treatment retention and outcomes. • Protocols that call for patient ECGs and review of cardiac risk may require consultation with a cardiologist or other physician, yet such services may not be reimbursable under existing contracts. • There is compelling evidence that the majority of physicians who direct treatment in opioid treatment programs are not fully aware of methadone's association with adverse cardiac events. In a survey of medical directors of all accredited opioid treatment programs in the United States, only 41% (95% CI = 37-45) of 692 physicians who responded were aware of methadone's QTprolonging properties. Only 24% (95% CI = 21-27) recognized the potential risk for TdP. 10 The Panel's conclusions are intended to assist clinicians and program administrators in developing cardiac safety standards for methadone induction and maintenance treatment in Federally certified opioid treatment programs. However, the conclusions provide only general guidance and are not intended to supplant clinical judgment in treating individual patients, nor do they represent Federal requirements or accreditation standards.
Conclusions Regarding Clinical Procedures
Expert Panel members agreed that, to the extent possible, every opioid treatment program should have a cardiac risk management plan that incorporates the following elements.
Clinical Assessment
The assessment conducted at intake should include a complete medication history; personal and family history of structural heart dis-Downloaded by [Mark Haigney] at 07:33 26 January 2012 ease (including long QT syndrome, sudden cardiac death, myocardial infarction, heart failure); any personal history of arrhythmia or syncope; and use of QT-prolonging drugs, including prescribed medications and illicit drugs such as cocaine.
ECG Assessment
The Expert Panel considered whether routine ECGs to measure the QT interval should be performed on every patient within 30 days of admission. After extensive discussion and review of the evidence, the Panel members and ex officio members could not reach agreement on the merits of such a statement, largely because of concerns over the level of resources involved in implementing routine ECGs and the absence of clear evidence for the effectiveness of the practice in achieving meaningful reductions in methadone-associated cardiac events. Of those who expressed an opinion, nine were in favor of routine screening within the first 30 days, whereas four felt such routine screening is not necessary. ) Therefore, routine screening of every patient within 30 days of admission to treatment is not part of the consensus-driven conclusions presented here. The Panel did agree that a baseline ECG at the time of admission and within 30 days should be performed on patients with significant risk factors for QT prolongation, including a history of cardiac arrhythmia or prolonged QT interval; symptoms suggestive of arrhythmia, such as episodes of syncope, dizzy spells, palpitations, or seizures; medication history; family history of premature death or any other historical information suggestive of a possible cardiac arrhythmia. Additional ECGs should be performed annually or whenever the methadone dose exceeds 120 mg/day.
In addition to scheduled ECGs, any patient who experiences unexplained syncope or generalized seizures should have an ECG. If marked QT prolongation is documented, TdP should be suspected and the patient hospitalized for monitoring (through telemetry).
For most opioid treatment program patients, it is likely that automated (computer-generated) measurements of QT interval provide reasonable estimates of arrhythmia risk. However, if there is uncertainty about the presence of significant QT prolongation in a particular patient, it is prudent to repeat the ECG or to have the tracing interpreted by a cardiologist.
Risk Stratification
If the QT interval is more than 450 ms but less than 500 ms, methadone may be initiated or continued, accompanied by a risk-benefit discussion with the patient and more frequent monitoring. For methadone-maintained patients with marked QT prolongation (≥500 ms), strong consideration should be given to adoption of a risk minimization strategy (such as reducing the methadone dose, eliminating other contributing factors, transitioning the patient to an alternative treatment such as buprenorphine, or discontinuing methadone treatment).
Routine echocardiography to assess for structural heart disease is not indicated in opioid treatment programs, nor is genetic testing for congenital long QT syndrome. That having been said, unexplained symptoms of syncope or seizures that emerge during therapy require urgent evaluation.
Drug Interactions
Physicians should be aware that interactions between methadone and other medications also have QT-prolonging properties, as does concurrent use of drugs that slow the elimination of methadone (Appendix C).
Conclusions Regarding Administrative Procedures
Cardiac risk that is related to methadone should be incorporated into the informed consent document presented to patients at intake. 
Conclusions Regarding Patient Education
Patients should receive educational materials that explain, in lay language, cardiac risk and its relationship to QT interval. Part of this enhanced education involves the use of a consent form that addresses cardiac concerns.
Conclusions Regarding Staff Education
Opioid treatment program medical directors and clinical staff should be educated about the risks posed by prolonged QT interval and trained in assessing patients for risk of TdP and other cardiac problems.
Conclusions Regarding the Use of Methadone
The Panel affirms that methadone can be used with reasonable assurance that it is effective and that its benefits exceed its risks, providing that the potential for QT prolongation is recognized, that patients receive ECG screening at indicated intervals, and that appropriate clinical action is taken in the presence of significant QT prolongation.
Implementation Issues
The Panel acknowledges that acting on the conclusions presented here will pose challenges to many opioid treatment programs. Identifying clinically relevant QT prolongation remains difficult, given the variability of ECG machine measurements and difficulty in defining the precise risk a prolonged QT portends for any given individual. The Panel recognizes that opioid treatment programs will be challenged to integrate cardiac arrhythmia risk assessment into the care of opioid-addicted patients without reducing access to vital addiction treatment services. The Panel is also aware that not all methadone maintenance treatment providers will be capable of administering an ECG to every patient in all the circumstances suggested above.
Opioid treatment programs and other providers are encouraged to consider these conclusions to the extent that they are practically or financially capable of doing so. Nothing in this report is intended to create a legal standard of care for any opioid treatment program or to interfere with clinical judgment in the practice of medicine. 
College of Physicians and Surgeons of Ontario (CPSO; Canada)
In its Methadone Maintenance Guideline, 18 the CPSO suggests that an ECG be performed when the methadone dose exceeds 150 mg/day. It recommends a repeat ECG when the dose approaches 180 to 200 mg.
The Canadian guideline further proposes tapering the methadone dose and referring the patient to a cardiologist if the QTc interval exceeds 470 ms.
Food and Drug Administration (FDA; United States)
The issues described in this communication have been addressed in product labeling.FDA ALERT [11/2006 ]: Death, Narcotic Overdose, and Serious Cardiac Arrhythmias "FDA has reviewed reports of death and life-threatening adverse events such as respiratory depression and cardiac arrhythmias in patients receiving methadone. These adverse events are the possible result of unintentional methadone overdoses, drug interactions, and methadone's cardiac toxicities (QT prolongation and Torsades de Pointes). Physicians prescribing methadone should be familiar with methadone's toxicities and unique pharmacologic properties. Methadone's elimination half-life (8-59 hours) is longer than its duration of analgesic action (4-8 hours). Methadone doses for pain should be carefully selected and slowly titrated to analgesic effect even in patients who are opioid-tolerant. Physicians should closely monitor patients when converting them from other opioids and changing the methadone dose, and thoroughly instruct patients how to take methadone. Healthcare professionals should tell patients to take no more methadone than has been prescribed without first talking to their physician."
Medicines and Healthcare Products Regulatory Agency (MHRA; United Kingdom)
MHRA recommends monitoring patients on methadone doses greater than 100 mg per day. However, the MHRA recommendation does not define the monitoring approach to be used. 106 The UK guideline on clinical management of drug abuse and addiction incorporates the MHRA approach and suggests that patients be informed of the reasons cardiac monitoring is recommended, 107 as follows:
"A2.1 Drug-induced prolongation of the QT interval. The QT interval is measured on an ECG * from the beginning of the QRS complex (caused by contraction of the ventricular mass) until the end of the T wave (caused by the return of the ventricular mass to the resting state). The QT corrected (QTd) interval is the QT interval (in milliseconds) corrected for heart rate using a standard formula, such as, Bazett's formula: QTc (ms) = QT (ms) / RR1/2 -QT divided by the square root of the R-R interval. QTc calculators are available on the Internet. "The QTc interval is a useful indicator of risk of polymorphic ventricular tachycardias, or torsade de pointes which can be fatal. QTc interval prolongation beyond normal limits (440 ms for men and 470 ms for women) is associated with increased risk of cardiac arrhythmias and sudden death, especially above 500 ms. 108 "Various psychotropic medications have recently been identified as causing QT prolongation and sudden death. In the past decade this has become the most common reason for a drug to be withdrawn from the market. In the drug treatment field, this was the reason for levacetylmethadol (LAAM or ORLAAM) being withdrawn." 12 
APPENDIX C
Drugs that May Interact with Methadone to Elevate Cardiac Risk
